Chemically L1 0 -ordered face-centered tetragonal (fct) FePt nanoparticles (NPs) have great application potential in advanced magnetic materials such as ultrahigh--density recording media and high-performance permanent magnets [13] . Typically, the phase transition from chemically disordered face-centered cubic (fcc) FePt to fct-FePt occurred at high temperatures annealing [1] . Kang et al. reported that the addition of Ag and/or Au can result in an appreciable reduction of the L1 0 phase transition temperature about 100200
• C [4, 5] . However, the heat-treated temperature above 450
• C may cause aggregation and sintering and decrease the particle positional order. Recently, Yan et al. reported that the temperature of L1 0 phase transformation could be lowered to 300
• C by doping Sb, and the ordering is promoted by defects produced by the additives during annealing, because those additives with very low surface energy are easy to segregate, resulting in the diculty in formation of large-area assembly [6, 7] . In order to overcome above problems, FePt NPs are either annealed by a salt-matrix technique [8] , or coated with SiO 2 [9] or MgO [10] to minimize the sintering eects during the L1 0 -phase transition annealing. Unfortunately, the assembly of FePt NPs is destroyed due to the strong magnetic interaction.
In the present study, we demonstrate a new exible approach for the preparation of the FePt/oxide-matrix composite thin lms. As-prepared FePt NPs were self--assembled on Si(001) substrates by drop-casting, and then a continuous oxide capping layer was deposited onto the assembled FePt particle lms by atomic layer deposition technology. During annealing, the oxide-matrix * corresponding author capping layer could maintain the position order of the FePt NPs self-assembly, leading to a durable composite magnetic lm with high thermal and chemical stability.
Experimental details
Well-separated FePt NPs with particle size of ≈ 4.5 nm were prepared by the chemical reduction of Pt(acac) 2 and thermal decomposition of Fe(CO) 5 in the presence of oleic acid (OA) and oleylamine (OAm) [9, 11, 12] . Samples for the self-assembled FePt NPs were prepared by drop-casting a drop of FePt dispersion colloid including small amounts of OA and OAm onto the HF-treated Si (001) substrates. The Al 2 O 3 and TiO 2 capping layer with various thicknesses were deposited onto the self--assembled FePt particle lms at a growth temperature of 200
• C, respectively, using trimethylaluminium (TMA) and Ti isopropoxide (TIP) as metal sources and pure water as oxygen source by atomic layer deposition (ALD) (Picosun SUNALE TM R-150B) to obtain the composite thin lms of fcc-FePt NPs/oxide-matrix. Finally, the composite lm samples were annealed at 700
• C for 1 h under the ow of forming gas (93% Ar + 7% H 2 ).
The crystallographic textures of samples were characterized by means of X-ray diraction (XRD) (D/max 2000, Rigaku) using Cu K α radiation, and TEM (Tecnai G 2 F20 S-Twin, FEI). The average composition of as-prepared FePt NPs was determined to be Fe 52 Pt 48 by the energy dispersive X-ray spectroscopy attached to transmission electron microscopy (TEM), with an error of ±2%. The X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo Fisher K-Alpha spectrophotometer with Al K α radiation. The binding energies were calibrated with respect to the signal from the adventitious carbon (binding energy 284.8 eV). Magnetic hysteresis loops of the annealed sam- (173) ples were measured at the room temperature (RT) with a vibrating sample magnetometer (VSM) integrated in the physical properties measurement system (PPMS-9).
Results and discussion
In order to investigate the fcc to fct phase transition, FePt particle/oxide-matrix composite lms on Si substrates were annealed at 700
• C under the reductive atmosphere for 1 h. Figure 1 shows the XRD patterns of bare FePt NPs, FePt/TiO 2 , and FePt/Al 2 O 3 samples. The ordered fct-FePt phases have been formed in three samples, as conrmed by the appearance of the Bragg peaks of (001), (110), (002) and (201). It is easily seen that the bare FePt NPs on Si has strongest peak intensity and narrowest the full width at half maximum (FWHM) of the (111) The XPS analyses were used to characterize the surface composition of the annealed FePt/Al 2 O 3 composite lms. In Fig. 2a , a symmetric O 1s peak located at 531.2 eV appears, indicating only one kind of O species (AlO bond) exists. This binding energy can be ascribed to the O 2− ions in Al 2 O 3 lattice. In Fig. 2b , the XPS spectrum at 7076 eV can be deconvoluted into three peaks from Al 2p, Pt 4f 5/2 and Pt 4f 7/2 using GaussLorentzian tting. The symmetric peak centered at 119.4 eV is attributed to Al 2s, as indicated by the inset in Fig. 2b . Due to the limitation of resolution and signal sensitive factor, Fe signal cannot be observed. However, based on the XPS spectra of O 1s, Al 2p, Pt 4f and Al 2s and above XRD results, we can deduce the existence of FePt NPs covered with Al 2 O 3 thin lm.
Sample of the as-prepared FePt NPs was shown in Fig. 3a . This TEM image shows a self-assembled ar- ray of well-separated, uniform FePt NPs with the diameter about 4.5 nm, and hexagonal-closed-packed (hcp) monolayer lattice patterns can be identied easily. After 700
• C anneal, large particles ( Fig. 3b) with broader size distribution can be found on sample of bare FePt NPs on Si without any protective layer because of the sintering and aggregation among the particles during the L1 0 phase transition. Compared with Fig. 3b , the annealed FePt/10 nm thick Al 2 O 3 composite lms show well-monodispersed FePt NPs embedded in the amorphous Al 2 O 3 -matrix layer. It means that 10 nm thick Al 2 O 3 capping layer is thick enough to eectively prevent the particles from the coalescence and sintering during annealing. Figure 3d plots the particle size and ordering parameter S of FePt in the annealed Al 2 O 3 lms as a function of the thickness of the capping layer. When the thickness of the capping layer of Al 2 O 3 is 5 nm, the particle size is larger than 5 nm due to small amount of aggregation of FePt NPs. When the thickness of the Al 2 O 3 capping layer increases to 15 and 20 nm, the average particle sizes keep almost constant in FePt/Al 2 O 3 composite lms. In addition, with the increase of the capping layer, the long-range S values [6] decrease, which is attributed to the smaller FePt particles embedded in the Al 2 O 3 -matrix (the particle size eect [13] ) and the residual strain at the interfaces. The excessive matrix layer would hinder the L1 0 phase transition [10] and decrease the ordering parameter. So, taking into account the trade-o in L1 0 phase transition and particle dispersion, the 10 nm thick Al 2 O 3 capping layer is considered as the optimal thickness for magnetic recording applications. Vibrating sample magnetometer (VSM) measurements were performed for the annealed FePt/oxide-matrices. Figure 4a and b shows the hysteresis loop of the heat--treated FePt/10 nm thick Al 2 O 3 and FePt/23 nm thick TiO 2 composite thin lms on Si. As expected, the FePt/Al 2 O 3 and FePt/TiO 2 composite thin lms successfully transforms from superparamagnetic to ferromagnetic phase after 700
• C annealing with larger coercivity (H C ) of 5.9 kOe and 8.5 kOe, respectively. The FePt/Al 2 O 3 sample displays saturated M H shape with better symmetry whereas the FePt/TiO 2 has unsaturated, asymmetric and unclose loop. This implies that very high anisotropy regions in FePt/TiO 2 cannot be switched at the maximum eld of 15 kOe. From the XRD pattern, the average grain size of FePt NPs coated with 23 nm thick TiO 2 layer is ≈ 10.4 nm, much larger than ≈ 5.9 nm for the 10 nm thick Al 2 O 3 layer. It is well known that the grain size is a key factor aecting the magnetic properties and L1 0 ordering process [13, 14] . The coercivity of FePt NPs increases rapidly with the particle size. So it is easily understood why the FePt/ TiO 2 composite lms have higher H C than FePt/Al 2 O 3 . This is related to the larger FePt NPs in TiO 2 -matrix due to the sintering and aggregation during the high--temperature annealing process.
Conclusions
In summary, we developed a new approach to fabricate the FePt/oxide-matrix composite lms by the combination of self-assembly FePt NPs and ALD technology. Self-assembled fcc-FePt NPs on Si were embedded into the ALD-derived oxide capping layer such as Al 2 O 3 and TiO 2 . It is found that the 10 nm thick Al 2 O 3 layer deposited by ALD can prevent FePt NPs from sintering and keep the position order of the FePt NPs assembly with well dispersion and high coercivity. In the future, combining with the FePt NPs self-assembly and in situ applied magnetic eld during Al 2 O 3 ALD deposition, the crystallographic oriented fct-FePt particle arrays would be explored. It will give a new potential approach to fabricate the ultrahigh-density magnetic recording media.
